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Time-intensity curves can be obtained from contrast
echocardiography of the left ventricle. The purposes of
this study were: I) to verify whether these curves con-
form to the basic principles of indicator-dilution theory;
and 2) to derive indexes of left ventricular ejection frac-
tion from curve analysis. In seven closed chest dogs, 31
doses of the polysaccharide agent SHU-454were injected
into the left ventricular cavity during apical four cham-
ber two-dimensional echocardiography. Data were ob-
tained at different levelsof ejection fraction, which were
induced by changes in preload, afterload and contrac-
tility, and measured by single plane Simpson's rule anal-
ysis of digital subtraction left ventriculograms. In a sub-
set of two dogs, eight incremental doses (from I to 8 ml)
of SHU were injected in the basal state.
Contrast echocardiograms were digitized off-line, the
mean gray level/pixel of a region of interest inside the
left ventricular cavity was measured, and the average
value for three systolic frames of each beat was used to
obtain time-intensity curves. A good correlation was ob-
served between the peak of the time-intensity curve and
the quantity of contrast injected (correlation coefficient
r = 0.91 by a logarithmic fit). The echo intensities ob-
served in each animal were subsequently transformed
in quantity of contrast according to these functions and
their natural logarithm was calculated both with and
without background subtraction. All curves relating time
Intravascular injection of a variety of agents during echo-
cardiography results in the gradual increase and then de-
crease in the backscattered ultrasound signal as the bolus
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and the natural logarithm of the corrected intensity ex-
hibiteda descendingrectilinear portion (washout)in which
the correlation was very good (r =0.97 ± 0.02 =mean
± SO) and which was not significantly affected by back-
ground subtraction. The validity of this fit was also un-
affected by heart rate (55 to 158 beats/min) and angio-
graphic ejection fraction (22 to 74%), and only minimally
influenced by duration of contrast washout (3.3 to 14.6
seconds). Ejection fraction was calculated by an algo-
rithm derived from indicator-dilution theory: ejection
fraction = [I - e(-bdl] x 100, where b = slope of the
curve and d =cardiac cycle duration. Linear regression
analysis between values of ejection fraction derived by
angiography and contrast echo yielded r = 0.73. A sec-
ond index, based on band d, was derived by multiple
regression analysis. Linear regression analysis of this
index and angiographic ejection fraction yielded a cor-
relation of r = 0.87.
In conclusion, these data indicate that: I) the washout
phase of contrast echo time-intensity curves conforms to
a monoexponential function; and 2) estimates of angio-
graphic ejection fraction can be obtained by this method
independent of geometric assumptions and without the
necessity for precise identification of the ventricular en-
docardium.
(J Am Coll Cardiol 1987;10:125-34)
passes through the circulation, a phenomenon referred to as
contrast echocardiography. Previous studies (l,2) reported
the ability to obtain time-intensity curves from contrast
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echocardiograms and indicated the similarities between these
tracings and classic indicator-dilution curves. On the basis
of these similarities, early efforts attempted to utilize the
decay phase of contrast echo time-intensity curves to predict
changes in cardiac output (3) and to calculate left ventricular
ejection fraction (4). However, it has not been established
that contrast echo time-intensity curves do, in fact, conform
to the principles of indicator-dilution theory, a factor that
might explain the limited ability to predict cardiac output
and ejection fraction thus far exhibited by this technique.
Calculations of left ventricular ejection fraction are often
derived from images acquired invasively by cineangiogra-
phy or noninvasively by two-dimensional echocardiography
(5-7). In either case, the accuracy of the measurements is
dependent both on identifying the endocardial border of the
left ventricle and on assumptions regarding the geometry of
this chamber. The perimeter of the left ventricle may be
incompletely visualized, however, and the assumptions re-
garding geometry may be invalid in the presence of seg-
mental dyssynergy or volume overload state. An alternative
approach to measuring left ventricular ejection fraction which
is independent of these strict requirements consists of the
application of indicator-dilution theory. Such methodology
has been extensively employed in analyzing first pass radio-
nuclide ventriculograms (8-10).
In light of the similarities between contrast echocardi-
ography and indicator-dilution theory, the aims of the
present study were 1) to verify whether indicator-dilution
principles regarding washout do apply to contrast echo
time-intensity curves, and 2) to determine if analysis of the
washout phase of contrast echocardiograms could yield re-
liable estimates of left ventricular ejection fraction inde-
pendent of geometric assumptions and without imaging the
entire left ventricular endocardial border.
Methods
Experimental animal preparation. The study was per-
formed in seven closed chest mongrel dogs, each weighing
20 to 35 kg. The dogs were anesthetized with sodium pen-
tobarbital (30 mg/kg intravenously) and were intubated and
ventilated with room air by a Bird Mark 8 respirator. Ad-
ditional doses of the anesthetic agent were administered
during the experiment as necessary. Saline solution was
infused at the rate of 20 ml/h, and heparin (1,000 IU) was
administered at the beginning of the experiment and every
4 hours. An 8F multiple side hole catheter was advanced
through the left femoral artery into the left ventricular cavity
under fluoroscopic control and served both for contrast in-
jections and to monitor pressure with use of a Beckman
pressure transducer. All studies were performed with the
dog in the left lateral decubitus position on a special table
with a cutout corresponding to the heart region to optimize
the echocardiographic examination.
Echocardiographic examination. A commercially
available phased array sector scanner (PASS I, General
Electric) operating at 3.3 MHz was used. The transducer
was positioned on the left side of the chest at the point of
maximal cardiac pulsation and was oriented to obtain an
apical four chamber view of the heart. After good quality
images were obtained, the probe was fixed in place by a
vise system. The same scan angle and depth, overall gain,
dynamic range and time-gain compensation values were
maintained throughout the experiment by means of a digital
display of the gain setting controls on the echocardiographic
screen. Before each echocardiographic recording the res-
pirator was turned off and, when needed, the transducer
position was readjusted to correct minimal displacement of
the probe due to respiration. Echocardiographic recordings
started a few seconds before each contrast agent injection
and lasted until disappearance of contrast effect. Echocar-
diographic data and a simple lead electrocardiogram (ECG)
were stored on a Y2 inch (1.27 em) videotape for subsequent
playback and analysis.
Echocardiographic contrast agent. A new polysac-
charide agent, SHU-454, was employed in these experi-
ments. Previous studies (II) have demonstrated that SHU-
454 has superior intensity and reproducibility in cardiac
chamber opacification compared with standard agents. Four
grams of SHU-454 powder were mixed with saccharide
diluent to form a 400 mg/ml solution. Particular care was
taken in removing visible air bubbles from the solution to
be injected. A 3 ml bolus of this solution was rapidly man-
ually injected into the left ventricular cavity through the
catheter. All injections were performed within 5 minutes of
mlxmg.
Experimental protocol. Contrast echo studies were per-
formed both in the basal state (seven instances) and after
interventions designed to alter cardiac performance. These
interventions included: dextran infusion (150 to 400 ml,
seven instances), dobutamine infusion (2 ILg/kg per min,
three instances), intravenous propranolol injection (15 to 30
mg, nine instances), intravenous verapamil injection (5 mg,
three instances), partial occlusion of the isolated abdominal
aorta (five instances) and bleeding (50 to 400 ml, two in-
stances). Either immediately before or after each ultrasound
contrast injection, a 45° right anterior oblique left ventric-
ulogram was performed using a standard C-arm fluoroscope
with a 9 inch (22.8 em) image intensifier (Picker Interna-
tional), while injecting 6 mlls of Renografin-76 for 3 seconds
by a power injector (Angiomat 3000, Cordis). Angiographic
images were stored on '12 inch videotape for subsequent
analysis and quantitation.
Analog to digital conversion. Echocardiographic data
underwent analog to digital conversion by means of an off-
line computerized system for medical image processing
(MIPRON, Kontron Medical). The first field of 254 con-
secutive frames was digitized into a 256 x 256 pixel matrix
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Figure 2. Representative time-intensity curve of the washout of
the contrast agent in the left ventricle obtained by analysis of every
frame during the cardiac cycle. Both time and intensity are plotted
on a linear scale. Each data point corresponds to a single echo-
cardiographic frame and represents the mean gray level/pixel inside
the left ventricle. The cyclic deflections are due to the negative
contrast effect of blood coming from the left atrium during diastole.
with 8 bits of depth, corresponding to 256 gray levels of
intensity/pixel. The digitization process started at least one
cardiac cycle before the appearance of the contrast effect
(Fig. I). A rectangular 6 x 15 pixel region of interest was
placed in the middle of the left ventricle 4 em from the
transducer. Care was taken to prevent the myocardial walls
or mitral valve apparatus from entering this region during
the cardiac cycle; in such cases, the region of interest was
shifted slightly. A computer algorithm calculated the mean
gray levellpixel inside this region of interest for all analyzed
frames.
Curve analysis. Initially, the summated gray level value
of each frame was stored in a minicomputer (System 8116,
CompuPro). This value was divided by the number of pixels
in the region of interest to obtain a mean gray level/pixel
per frame. These values were plotted against time to obtain
frame by frame time-intensity curves (Fig. 2). These curves
Figure 1. Apical four chamber echocardiographic view of a dog
heart before (upper panel) and after (lower panel) contrast in-
jection. Both images were obtained in systole. The rectangle inside
the left ventricle corresponds to the region of interest from which
the intensity was measured. LA = left atrium; LV = left ventricle;
RA = right ventricle.
manifested cyclic negative deflections during diastole in-
dicative of decreased intensity. Analysis of the echocardio-
grams indicated that these deflections were due to the neg-
ative effect of contrast-free blood (12) from the left atrium
entering the region of interest and reducing its intensity (Fig.
3). To eliminate the dispersion of intensities introduced by
the diastolic flow, the same curves were analyzed sampling
only systolic frames that were taken as the second, third
and fourth frames after the onset of systole (Fig. 4).
Relation between quantity of contrast and intensity.
To study the in vivo relation between quantity of contrast
agent and gray level intensity of digitized contrast echo-
Figure 3. Left ventricular opacification by the echocardiographic
contrast agent during diastole. The arrow points to the negative
contrast effect of blood coming from the left atrium.
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where y represents the natural logarithm of the intensity, x
the time, a the intercept and be the slope of the curve.
Additionally, from each curve the mean cardiac cycle du-
ration (d) and the values of peak intensity and time to peak
were also measured.
Algorithms to calculate ejection fraction. For each
curve, the ejection fraction was calculated by two algo-
rithms. The first was derived by transferring the principles
of indicator-dilution theory to contrast echocardiography,
whereas the second was obtained by a statistical approach
to the problem.
Indicator-dilution theory. Two points (XI and X2) , sep-
arated by the mean duration of the cardiac cycle d, were
selected along the time axis of each log-linear time-intensity
curve (Fig. 5). By solving equation [I] for points XI and
X2 , two corresponding values YI and Y2 were obtained. To
transform the intensities expressed in logarithm into real
numbers, the exponents of YI and Y2 were calculated.
The ejection fraction (EF) was obtained by the algorithm:
3
Quantity of Contrast (ml)
Figure 5. Correlation between quantity of S~U-~54 in~ected into
the left ventricle and peak gray level of the time-mtensity cu~ves.
The correlation coefficient (r) was 0.89 by least squares linear
regression analysis and 0.91 testing the data with a logarithmic
function.
where e is the base of the natural logarithms. Because the
relation between XI to X2 (X2 = XI + d) is independent
of the value of X], a value of zero was attributed to the
latter. Thus Y, = a and Y2 = a - bd.
Equation [2] can be simplified as follows:
EF = [I - eH dl ] x 100. l3]
Statistical approach. All variables derived from contrast
echo time-intensity curves were considered possible pre-
dictors of angiographic ejection fraction, including the slope,
the peak intensity and the time to peak intensity of the curve.
The duration of the cardiac cycle was also analyzed as a
variable. These variables were tested both individually, by
least squares linear regression analysis, and in combination
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Figure 4. Time-intensity curve obtained from the same contrast
injection shown in Figure 2. Each data point here corresponds ~o
the averaged intensity of the second, third and fourth systolic
frames of every beat.
cardiograms, eight incremental doses of SHU-454 (from I
to 8 ml) were instantaneously injected into the left ventricle
of two dogs in the basal state. To allow small increments
in the dose of contrast medium injected, a lesser dilution
of SHU-454 (180 mg/ml) was used. To simulate as closely
as possible the ideal situation of a constant input function,
all injections were performed by a power injector during I
second. Sixteen time-intensity curves were obtained and the
peak intensity was related to the corresponding dose of SHU-
454 by best fit analysis. Finally, we considered the possi-
bility that the variable dynamic range settings of the in-
strument might influence the relation between quantity of
contrast medium injected and intensity produced. There-
fore, we evaluated this phenomenon in vitro by injecting
eight incremental (0.1 to 0.8 rnl, 180 mg/ml) doses of SHU-
454 into beakers containing 300 cc degassed water main-
tained at a constant flow by an agitator. Eight injections
were performed for each of three dynamic range settings:
35, 50 and 65 dB. The peak intensity produced by these
injections was then compared with the administered ~ose
of SHU-454 by best fit analysis and equations were obtained
that related the echo intensity to the quantity of contrast,
both for the in vitro and for the in vivo study. This rela-
tion was then used as calibration factors to transform the
echo intensities into quantity of contrast agent. Because the
washout phase of any indicator is logarithmic, the natural
logarithm of the quantity of contrast was subsequently cal-
culated and was plotted against time to obtain log-linear
time-intensity curves. These curves exhibited an ascending
phase, a peak and a descending phase that was considered
to begin when the curve downslope became rectilinear.
The relation between the values of natural logarithm of
contrast quantity and time for the descending phase was
tested by least squares linear regression analysis, and yielded
an equation for each injection:
y = a - bx [1]
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Table 1. Correlation With Angiographic Ejection Fraction of the Variables Slope of Contrast Washout, Cardiac Cycle Duration,
Peak andTime to Peak of Contrast Echo Time-Intensity Curves
Linear Reg Multiple Linear Reg Analysis (four variables) Multiple Linear Reg Analysis (two variables)
Analysis
Partial Reg Partial Partial Reg Partial
p Value Coefficient SEE t Value F Coefficient SEE t Value F
Slope 0.27 <0.25 -570 113 -5.04 25.5 -616 109 -5.6 3\.4
Cycle 0.68 <0.001 2.2 0.29 7A4 55.3 2.2 0.25 8.7 76.7
duration
Peak 0.03 <0.25 0.15 0.1 IA8 2.2
Time to peak OAI <0.025 0.06 0.09 0.65 OA
The results of linear regression analysis and ofmultiple regression analysis (for four and two variables) are reported. Reg = regression.
by multiple regression analysis. The latter enabled us to
construct a predictor of angiographic ejection fraction. Spe-
cifically, the test provided the partial regression coefficient
of each variable in the predictor equation. It also provided
the t values and the partial F value, that is, the relative
weight of the different variables inside the predictor. After
the variables not significantly related to angiographic ejec-
tion fraction were identified, the test was repeated excluding
these variables. New partial regression coefficients were
thus obtained and formed the basis of the equation used to
determine ejection fraction fromcontrastechowashout curves.
Angiographic ejection fraction. Angiographic images
also underwent analog to digital conversion off-line and
were subtracted by the same computerized system used for
echocardiographic data. The end-diastolic and the end-sys-
tolic edges of the resultant ventriculographic images were
outlined and left ventricular ejection fraction was calculated
applying a single plane Simpson's rule algorithm.
Results
rated pixels to red. No saturation was seen inside the region
of interest. The background intensity was fairly stable for
all curves and manifested a mean value of 36 ± 5 gray
levels/pixel for the group.
Relation between quantity of contrast and peak in-
tensity. This relation was assessed by best fit analysis.
Curve fitting revealed that the relation between the variables
most closely conformed to a logarithmic one with an ex-
tended linear segment that included the majority of dose
levels that would be utilized clinically. Accordingly, the
correlation between the value of peak intensity and quantity
of SHU-454 injected was good for both linear (r = 0.89)
and logarithmic (r = 0.91) relations (Fig. 6).
Comparison of contrast quantity and intensity in the in
vitro protocol also revealed a best fit log-linear relation for
all three dynamic range settings evaluated. A good corre-
lation was observed for both linear (r = 0.94, 0.93 and
0.96) and logarithmic relations (r = 0.98, 0.99 and 0.99)
for 35, 50 and 65 dB dynamic ranges, respectively (Fig.
7). The functions obtained from the in vivo and in vitro
125
Figure 6. Influence of the dynamic range on the correlation be-
tween quantity of SHU-454 injected and peak of time-intensity
curves in an in vitro study. A bestfitting analysis showed that the
two variables are well described by either a linear function (cor-
relation coefficient = 0.94, 0.93 and 0.96) or by a logarithmic
function (correlation coefficient = 0.98, 0.99 0.99), indepen-
dently of the value of dynamics range (35, 50 and 65 dB, re-
spectively).
Time-intensity curves. Technically acceptable time-in-
tensity curves were obtained in all 36 experiments in the
seven dogs. Five of these curves, however, were not ana-
lyzed because of the presence of mitral regurgitation at left
ventriculography, which renders the input function no longer
instantaneous but, rather, dispersed in time. Mitral regur-
gitation was attributed to mitral valve prolapse in one dog,
to the functional effects of marked changes in preload and
afterload on a structurally normal mitral valve apparatus,
or to catheter position. The highest value of mean intensity
recorded for any of the time-intensity curves was 157 gray
levels/pixel, a value well below the saturation point of the
maximal available gray level of 255. To test the possibility
that some pixels inside the region of interest could have
reached the level of saturation, echocardiographic images
withmaximalmeanintensityweredisplayedthroughalookup
table (a color-mapping function) that transforms satu-
100
Intensity 75
(gray level/
pixel) 50
25
35 db
r =.98
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r= .99
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In of Corrected
Intensity
Figure 7. Values obtained from the washout phase of the curve
shown in Figure4. The variables time and natural logarithm (Ln)
of the correctedintensity have a close correlation by least squares
linear regression analysis, showing the validity of the fitting with
a linear model.
Figure 8. Schematic diagram of a contrast echo washout curve
showing the method for calculating ejection fraction. Points X,
and X, represent two pointson the timeaxis separated by the mean
cardiaccycle duration(d); Y, and Y, are the corresponding points
on the intensity axis; b is the slope of the curve and e is the base
of the natural logarithms (Ln). The algorithm to calculate the
ejection fraction (EF) by this method is shown.
calibrations were used to correct the time-intensity curves,
so that the intensities were transformed from gray level/pixel
into quantity of contrast agent according to both calibrations.
The natural logarithm of the quantity of contrast was cal-
culated both with and without background subtraction.
Monoexponential nature of contrast echo washout
curves. Scatter plots were constructed for all the time nat-
ural logarithms of corrected intensity curves. Consistent
with indicator-dilution theory, curves plotted in this fashion
yielded a descending rectilinear phase. This rectilinear por-
tion of the curves was identified, and the relation between
time and natural logarithm of the corrected intensity was
tested by least squares linear regression analysis (Fig. 8).
This analysis yielded similar close correlation for all curves.
The correlation coefficient was equally high (0.97 ± 0.019,
mean ± SD) for both time-intensity curves and time natural
••
•
logarithm of corrected intensity curves. The background
subtraction did not significantly increase the correlation be-
tween by a DB Duncan test.
To assess the possible influence of heart rate and left
ventricular ejection fraction and the duration of washout
on the exponential decay function, measurements of these
variables were compared with the value of the correlation
coefficient relating time and the natural logarithm of the
corrected intensity for each of the corresponding curves.
Correlation coefficients for each curve were uniformly good
(range 0.93 to 0.99, mean 0.97) for all heart rates (range
55 to 158 beats/min) and ejection fractions (range 22 to
74%) and no significant influence of these variables was
observed. However, a weak relation (r = 0.52) was ob-
served between duration of the washout (range 3.3 to 14.6
seconds) and correlation coefficient of the washout curves,
suggesting that the log-linear relation might be minimally
compromised at extremely prolonged contrast decay times.
Calculation of ejection fraction by indicator-dilution
theory. Linear regression analysis revealed a correlation to
exist between estimates of ejection fraction by the algorithm
derived from indicator-dilution theory and the angiographic
reference standard (Fig. 9). The correlation coefficient was
r = 0.73 and the SEE was 9.6%. This contrast echocar-
diographic method underestimated the angiographic mea-
surement; in fact, the regression equation was Angio ejec-
tion fraction = 10.6 + 0.88 Echo ejection fraction, where
Angio = digital subtraction angiography and Echo = con-
trast echocardiography.
Calculation of ejection fraction by statistical ap-
proaches (Fig. 5). Linear regression analysis yielded cor-
relation coefficients of <0.50 between values of left ven-
tricular ejection fraction determined angiographically and
values for peak contrast intensity, time to peak intensity and
slope of decay of the different curves, when these variables
were considered individually. However, the mean duration
of the cardiac cycle appeared slightly related to the ejection
Figure 9. Correlation betweenthe valuesof ejectionfraction(EF)
by angiography and by contrast echocardiography. The latter val-
ueshavebeenobtainedbythe algorithm derivedfromthe indicator-
dilution theory (Fig. 8).
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where CCt) and CCo) are the concentration of the indicator
at time t and zero, e = 2.718 which is the base of the
natural logarithms, k is the rate constant of the system and
t is the time.
Substituting the natural logarithms (Ln) in equation [4]
yields:
Discussion
Monoexponential nature of contrast echo washout
curves. In this experimental study, the echo contrast agent
SHU-454 was injected into the left ventricular cavity and
its washout from this chamber was studied. This experi-
mental situation was assumed to be very close to the ideal
of the indicator-dilution theory: instantaneous injection of
an indicator at the origin of a single compartment system
in a dynamic equilibrium.
According to the Stewart-Hamilton principle (13-18) in
this situation, the washout of the indicator from the system
follows the monoexponential equation:
fraction (r = 0,68, p = 0,001). Analysis of these combined
variables by multiple regression analysis yielded a predictor
of ejection fraction that closely correlated with angiography.
The weight of the different variables inside the predictor
was high for cardiac cycle duration (partial F = 55.3) and
for the slope (partial F = 25.5) but was insignificant for
the peak intensity (partial F = 2.2) and time to peak (partial
F = 0.3). Subjecting the first two variables to multiple
linear regression analysis yielded the algorithm: Angio ejec-
tion fraction = 2.2 duration - 616 slope, where duration
= cardiac cycle duration in frames and slope = the natural
logarithm of volume of contrast in mllframe (r = 0.87,
SEE = 6.9) (Fig. 5).
To determine whether this relation applied to echo time-
intensity curves in this study, the contrast intensity inside
the left ventricular cavity was measured and its natural log-
arithm calculated. These natural logarithms of intensities
were then plotted against the time at which they occurred
during the washout phase of the curve and analyzed by least
squares linear regression. The correlation coefficient and
the SEE were derived by standard statistical methods and
were considered an expression of the fitting of the experi-
mental data with the ideal equation [5]. Our results dem-
onstrated that the fitting was very good (mean correlation
coefficient = 0.97) and that the washout of contrast on
echocardiography does indeed conform to a monoexponen-
tial decay.
We also examined the relation of the monoexponential
nature of the decay of time-natural logarithm of intensity
curves to the level of heart rate, ejection fraction and du-
ration of the washout phase. Indicator-dilution theory in-
dicates that the mathematical fit of the curves should be
independent of these variables. Consistent with this predic-
tion, the correlation coefficients between the natural loga-
rithm of intensity and time were unaffected by heart rate
and ejection fraction, and showed only a mild tendency to
decrease with prolongation of washout. Thus, these data
further support the concept that contrast echo time-intensity
curves behave in the fashion of standard indicator-dilution
curves.
SHU-454 as an indicator. The contrast agent SHU-454
was selected for utilization in this study because previous
studies (11) in our laboratory had demonstrated a superior
reproducibility for this agent as compared with others. On
the basis of the results of this experiment, the transit of
SHU-454 through the central circulation appears to fulfill
the criteria for an ideal indicator. A suitable indicator meets
three requirements: it behaves in an identical fashion to that
of the system into which it is injected, it does not produce
hemodynamic alterations in that system and it creates a
measurable effect that is related to the concentration of the
agent (13,15,19,20). In regard to contrast echocardiography
and the cardiovascular system, previous studies (21) have
demonstrated that ultrasound contrast agents manifest the
same velocity and direction of motion as do red blood cells
when they cross the cardiac chambers. In addition, data on
file with the manufacturer (Schering) indicates that SHU-
454 exerts only minimal hemodynamic effects when injected
in vivo at the doses used in this experiment. Finally, the
contrast phenomena clearly represent a measurable effect,
and the results of our studies have indicated that this effect
is related to the quantity of contrast agent injected. Ac-
cordingly, our study offers considerable support to the con-
cept that SHU can be considered an indicator.
Calculation of ejection fraction. The left ventricular
ejection fraction has become one of the most important
indexes in clinical cardiology. Thus, measurements of this
index have been utilized to assess the prognosis of cardiac
disease, as well as to reach therapeutic decisions, particu-
larly regarding cardiac surgery (22,23). Echocardiography
has provided a particularly attractive method for determining
ejection fraction, because it is noninvasive, inexpensive and
does not utilize ionizing radiation. However, as is true of
other imaging modalities including angiography, echocar-
diographic methods for determining ejection fraction have
required accurate definition of the left ventricular endocar-
dial border, as well as assumptions regarding the geometry
of the ventricle itself (5-7). This study provides an alternate
method for calculating left ventricular ejection fraction by
echocardiography. Further, our data document that this mea-
surement can be obtained from contrast two-dimensional
echocardiographic time-intensity curves by means of indi-
cator-dilution theory without the strict requirements for edge
definition or ellipsoid geometry.
[5]
[4]e(t) = C(o)e- kl
Ln C(t) = Ln C(o) - kt.
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Figure 10. Results of linearregression analysis between thevalues
of ejection fraction (EF) by angiography and by contrast echo-
cardiography (Echo). The latter have been obtained by a statisti-
cally derived algorithm based on the results of multiple linear
regression analyses.
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Limitations of the study. An additional significant fac-
tor that might interfere with the extraction of hemodynamic
information from contrast echo washout curves is the spon-
taneous decay of the agent independent of flow. Accord-
ingly, the decay phase of contrast echo time-intensity curves
represents the composite effects of the removal of contrast
effect by flow and the elimination of the contrast effect by
spontaneous disappearance. This limitation would apply to
any ultrasound contrast agent that spontaneously dissolved
into blood. To study the rate of spontaneous disappearance
of the contrast, injections of SHU-454 were performed in
a closed, flowing, in vitro system and indicated that 90%
of the peak contrast activity is present for 6 seconds after
the injection of SHU-454. Because the entire duration of
the washout curves evaluated in this study was 7.0 ± 2.8
seconds, the spontaneous disappearance of contrast would
not have contributed appreciably to our results. Further, it
has been determined that the contrast produced by injection
of the agent remains relatively constant for 5 minutes after
mixing, a period well in excess of that utilized in our study.
Several factors specifically related to the experimental
protocol conferred limitations on the data obtained. Ade-
quate mixing is of critical importance for indicator-dilution
theory and could have been affected by the injection of
indicator into the left ventricle. However, we selected this
approach with an eye toward the future application of quan-
titative techniques after the direct injection of contrast agent
into the left ventricle of humans at the time of cardiac
catheterization. In addition, the fact that the decay phase of
the curves that were obtained conforms to a monoexponen-
tial decay provides indirect evidence of the adequacy of
mixing (15,27). Further, the left ventricle clearly fulfills the
requirement of a mixing chamber, and previous studies (28)
have demonstrated the adequacy of mixing in this cavity
for purposes of indicator-dilution studies. An additional con-
sideration that may also have influenced the results of this
Approaches to ejection fraction utilizing indicator-
dilution theory. The potential to calculate cardiac and lung
volumes by an analysis of the slope of arterial dye-dilution
curves has been recognized for many years, and was first
reported by Newman et al. (24) in 1951. Subsequently,
indicator-dilution curves obtained by the injection of dye
into the right ventricle with sampling in the pulmonary artery
were used to calculate right ventricular volumes and ejection
fractions in both experimental and clinical settings (25,26).
These methods required cardiac catheterization, however,
a problem that was subsequently solved by analysis of in-
dicator-dilution curves obtained by the precordial recording
of gamma-editing tracers crossing the ventricular chambers
(8-10). Our study documents that with contrast echocardi-
ography time-intensity curves can be obtained that conform
to the basic principles of indicator-dilution theory. Accord-
ingly, it was a natural step to attempt to apply contrast
echocardiography to the calculation of left ventricular ejec-
tion fraction utilizing indicator-dilution principles.
Indicator-dilution theory versus multiple regression
analysis. We applied two different approaches to the anal-
ysis of contrast echo time-intensity curves for determination
of ejection fraction. The initial method, that is employing
the tenets of indicator-dilution theory, is attractive because
it is theoretically sound, has been previously applied to other
modalities and represents a straightforward analysis. Al-
though estimates of left ventricular ejection fraction by this
method did correlate with those observed by cineangiog-
raphy (r = 0.73, Fig. 9), the correlation was not as close
as that obtained by multiple linear regression analysis. As
will be discussed subsequently, a variety of technical factors
present limitations to obtaining absolutely accurate indicator
dilution-type curves from contrast echocardiography. It is
likely, therefore, that these limitations may well have im-
paired the ability of contrast echocardiography to predict
angiographic values of ejection fraction from indicator-di-
lution theory.
Multiple linear regression analysis utilizes observed data
to construct an equation that serves as the basis for calcu-
lating ejection fraction by contrast echocardiography. As
such, the approach employs components from contrast in-
dicator-dilution curves that have been shown to be quanti-
tatively related to angiographic ejection fraction. The equa-
tion relating echocardiographic and angiographic ejection
fraction is relatively simple and can be quickly derived by
a hand-held calculator. the correlation between echocar-
diographic and angiographic values of ejection fraction de-
termined by this approach yielded superior results to those
obtained by indicator-dilution theory (r = 0.87, Fig. 10).
More important, it would appear that both approaches to
the calculation of left ventricular ejection fraction by anal-
ysis of contrast echo washout curves yield correlations with
angiographic data that are sufficiently close to be of clinical
value in patient management.
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study concerns the input function. Manual injections of the
contrast bolus were performed and were assumed to be
instantaneous when, in fact, a short time was required to
complete the injection. The wide range of intervals from
the onset to the peak of curves, from 0.6 to 2.3 seconds,
provided indirect evidence that the input function was not
instantaneous. Also, it should be noted that both the injec-
tion and analysis of the indicator were performed in the
same chamber, that is, the left ventricle. Despite these fac-
tors, the results obtained in our study support the contention
that quantitative information regarding flow can be obtained
from contrast echocardiograms that are analyzed in accord-
ance with indicator-dilution methodology.
The primary limitations of the contrast echo method are
related to the commercially available echocardiographic
machines. These instruments are not devised to accurately
portray ultrasound densities. Rather, most commercial in-
struments are designed to display images suitable for visual
analysis that is dependent on the sharp demarcation of dif-
ferent structures. To improve this demarcation, and to dis-
play the wide dynamic range of the received signal within
the limited dynamic range of the devices, a nonlinear pro-
cessing of the received ultrasound signal is performed (29,30).
To correct the intensities for this distortion, we were forced
to introduce calibration factors derived from regression anal-
ysis of these two variables in only a subset of experiments,
which may be only partially applicable to the remaining
studies. Such calibration could, of course, be performed
individually in each animal or patient.
Another limitation of our study is related to the choice
ofangiography for comparative indexes. It might have been
more appropriate to compare two methods of calculating
ejection fraction that were both independent of geometric
assumptions. However, angiography is currently the ac-
cepted reference standard for the calculation of left ven-
tricular ejection fraction. Finally, it is possible that the time
interval between the two tests might have partially affected
results, although this was less than I minute in all cases.
Clinical implications. The measurement of ejection
fraction by contrast echocardiography put forth in this study
is not based on the identification of left ventricular edges.
Thus, it has the advantage of being independent of subjective
interpretation of two-dimensional echocardiograms and from
assumptions regarding left ventricular geometry . Theoreti-
cally, this should be useful in the case of suboptimal quality
echocardiograms or of geometrically distorted ventricles, in
which the assumptions regarding left ventricular shape are
likely violated. The current study was performed with an
eye toward the immediate clinical application of contrast
echocardiography to determine ejection fraction during the
course of cardiac catheterization. Such a procedure would
be of value in those patients in whom performance of stan-
dard radiographic contrast ventriculography would be of risk
(31). Obviously, the ultimate potential application of our
method would depend on the availability of a contrast agent
that could transit the lungs so as to opacify the left ventricle
after intravenous injection. Calculation of ejection fraction
under such circumstances would require addition of decon-
volution mathematics, however, because bolus delivery would
not be possible. Agents capable of this function already
exist, and are in the process of clinical development (32).
We gratefully acknowledge Walton H. Robinson, Jr. for excellent technical
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